We developed a simple and effective contrast for tissue characterization based on the recently proposed dual-pulse nonlinear photoacoustic technology. The new contrast takes advantage of the temperature dependence of Grüneisen parameter of tissue and involves a dual-pulse laser excitation process. A short pulse first heats the sample and causes a temperature jump, which then leads to the change of Grüneisen parameter and amplitude of the photoacoustic signal of the second pulse. For different tissues, the induced rate or trend of change is expected to be different, which constitutes the basis of the new contrast. Preliminary phantom experiment in blood and lipid mixtures and in vitro experiment in fatty rat liver have demonstrated that the proposed contrast has the capability of fast characterization of lipid-rich and blood-rich tissues.
INTRODUCTION
Temperature is a very important intrinsic parameter of biological tissue and has a profound effect on many physical properties of tissue, such as thermal conductivity, thermal expansion, speed of sound and specific heat capacity [1] . Photoacoustic imaging (PAI), which relies on small but rapid temperature rises caused by short pulse laser heating, is a technology very sensitive to temperature parameter of tissue [2] [3] [4] . Therefore, thermal PAI that can reveal thermal properties of tissue by recording multiple photoacoustic signals at different temperatures has found broad applications in biomedicine, such as tissue characterization and temperature monitoring during photothermal cancer therapy [4, 5] .
In thermal PAI, a water bath, or high intensity focused ultrasound (HIFU) or continuous laser is generally employed as the heating source. These heating methods are stable but require some time to reach the desired temperature. Very recently, Lai et al attempted to use short-duration laser pulses to heat the sample and proposed a new idea called dualpulse nonlinear photoacoustic technique [6] . In the dual-pulse technique, a first pulse is fired to heat the sample, which causes changes in thermal properties of tissue and a closely followed second pulse measures the change. They successfully applied the technique in wavefront shaping in an optical scattering medium.
In this paper, we developed a new contrast based on the dual-pulse nonlinear photoacoustic technology by using two independent lasers with variable wavelengths and fluences transmitting through a single multi-mode fiber. The proposed contrast is sensitive to different chemical contents of the sample and is especially suitable for characterizing different tissues.
THE DUAL-PULSE NONLINEAR PHOTOACOUSTIC CONTRAST
The dual-pulse nonlinear photoacoustic contrast relies on different optical absorptions and thermal properties of chemical contents in biological tissue and its development is rather straightforward. Suppose the tissue to be investigated is a uniform mixture of several different chemical compositions and is sequentially illuminated by two laser pulses, namely, first a heating laser and then a detecting laser with a delay interval t Δ [ Fig. 1(b 
where 1 Φ is fluence of the heating laser at time 1 t , 0 i Γ is the Grüneisen parameter of the th i component at initial temperature 0
T , η is a constant coefficient, G is the apodization function of the transducer, f is a propagating factor for acoustic wave from acoustic source S to transducer surface Σ , ( , , ) x y z and ( , , ) z ξ ζ are corresponding coordinates for S and Σ , respectively. Here we assume the Grüneisen parameter Γ is homogeneous throughout the sample. As soon as the heating pulse evanesces, a temperature jump T Δ will be quickly established, which will cause changes in temperature-dependent physical properties of the tissue. One of the dominant is the thermal expansion coefficient β [7] , which relates to the Grüneisen parameter by 2 
where i ′ Γ is the change slope of i Γ , i τ is a decay function, and C are density and specific heat capacity at constant volume, respectively. Therefore, the photoacoustic signal of the detecting laser received by transducer with the heating pulse is
where 2 Φ is fluence of the detecting laser at time 2 t . For comparison, the photoacoustic signal of the detecting laser without the heating pulse is 2 0 2 2 ( ) ( ).
Considering the amplitude difference V V V ′ Δ = − varies nonlinearly with laser fluence 1 Φ and 2 Φ (e.g.,
, we define the nonlinear effect (or increase ratio) as
Equation (6) 
EXPERIMENT AND DISCUSSION
As a simplified example, the slopes of Grüneisen parameter of blood and lipid ( Our dual-pulse nonlinear photoacoustic contrast system [ Fig. 2(a) ] employs two lasers to create the two closely accompanying short pulses. The first laser is the second harmonic output of a Nd:YAG laser (Powerlite DLS 8000, Continuum; pulse duration 6 ns, repetition rate 10 Hz), and works as the heating source. The second laser is a tunable optical parametric oscillator (OPO) laser (Vibrant 532 I, Opotek Inc.; pulse duration 5 ns, repetition rate 10 Hz) pumped by the second harmonic output of an Nd:YAG pulsed laser (Brilliant B, Quantel) and works as the detecting source. The two lasers are sequentially triggered in time using a delay generator (DG535, Standford Research Systems Inc.) with a delay time t Δ and combined by a dichroic mirror (DMSP1000, Thorlabs) after passing the irises. The combined beam is coupled into a multi-mode fiber (FG910LEC, Thorlabs; numerical aperture 0.22, core diameter 0.91 mm) by an aspheric lens (KPA031, Newport). The other port of the fiber is imaged onto the sample by a lens assembly consisting of a collimating lens (AC254-050-A, Thorlabs; focal length 50 mm) and a focusing lens (LB1757, Thorlabs; focal length 30 mm). The photoacoustic signals are received by a transducer (C323, Olympus NDT), amplified by a pulser and receiver (5072R, Olympus NDT) and finally digitized and recorded by an oscilloscope (TDS 540A, Tektronix).
To verify the effectiveness of the proposed new contrast, we performed a phantom experiment to evaluate the nonlinear effects of lipid and blood mixtures (with different lipid volume fractions), and an in vitro experiment to characterize fatty and normal liver. During the experiment, the heating laser and detecting laser worked at 1 532nm λ = grinder machine (Wig-L-Bug, Sigma-Alorich) was used to rapidly shake the solutions at a speed of 4800 rounds per minute (RPM) for 1 minute. To help the mixing process, 1% Span 80 (S6760, Sigma-Alorich) and 1% Tween 80 (P8074, Sigma-Alorich) that make a blended surfactant with a hydrophile lipophile balance (HLB) value ~ 10 were added to each sample. In the measurement, the samples were wrapped within two clear plastic membranes, which were placed on the surface of water. From the data, we can see the nonlinear effect α of the mixtures first decreases rapidly with the increase of lipid content l f and then stabilizes. Using an approximation of the following parameters [9], we roughly estimated the theoretical values of the first term in Eq. (6) and depicted them in Fig. 2(b) . As we can see, the experimental results agree with the theoretical predication quite well except for the last data point (i.e., 0.9 l f = ), the nonlinear effect of which is a bit negative. This was beyond our expectation because lipid has small absorption at 532 nm and the corresponding nonlinear effect should be small (almost zero). Our explanation for this is thermal perfusion. In order to simplify the theoretical model of the dual-pulse contrast, we did not consider heat perfusion between different chemical components, which would in fact occur if the particles are small in size and the thermal confinement condition is not satisfied. For this specific case, more than 60% of blood and lipid droplets were smaller than 2 μm according to the measurement [see inset of Fig. 2 ,.
" , :. r heating laser, half of the heat in blood droplets has already been transferred to lipid, which may eventually cause the negative nonlinear effect of the last data point ( 0.9 l f = ). Although heat perfusion is important, it is negligible and will not cause significant change in the trend of the new contrast as long as the second pulse arrives within the thermal relaxation time. In the experiment, six measurements were performed for each point in Fig. 2(b) with 16 averages each.
The revealed principle in Fig. 2(b) that the nonlinear effect of blood and lipid mixture decreases rapidly with the increase of lipid content is consistent with current theory and can be utilized to diagnose very common liver disorders, such as, fatty liver disease. In a healthy liver, blood makes up about 30% of the total liver weight and lipid is almost zero. However, in fatty livers, blood content decreases while fat accumulates in hepatocytes. For severe cases, lipid content may make up more than 25% of the total liver weight. In vitro experiment of fatty and normal livers from an obese group and a control group of C57BL/6 J wild-type mice (Jackson Laboratory, Bar Harbor, Maine) were investigated. The obese group was fed with a chow diet for the first 8 weeks, followed by 60% fat diet (research diet, D12492) for the 12 weeks thereafter. The control group was fed with the chow diet for 20 weeks. Both groups were sacrificed at the end of the 20th week. A biopsy photomicrograph of the fatty liver [ Fig. 3(a) ] clearly reveals that a large number of lipid droplets (white globule) exist in hepatocytes comparing with the normal one [ Fig. 3(b) ]. The sample was prepared in such a way that fatty liver was placed in the middle and normal livers on its both sides. In the measurement, we randomly selected seven points on each of the three parts and measured the nonlinear effect with 36 averages of each point. The results [ Fig. 3(c) ] show a distinct contrast exists between the fatty liver and the normal liver. The calculated contrast-to-noise ratio (CNR) is 14.2 dB.
Since the nonlinear contrast is essentially based on the thermal properties of tissue, we further performed thermal photoacoustic measurements on both fatty and normal liver at 1210 nm to confirm the previous results. In the measurement, the livers were placed in a heating water bath (280 series, Thermo Scientific), and excited by a 1210 nm infrared laser. Photoacoustic signals were collected from 26 C° to 41 C° with 64 averages each. The final results [ Fig.  3(d)] show that although the amplitude of thermal photoacoustic signals of both kinds of livers increases with temperature rise, the slope of the fatty liver (0.011) is only about half of that (0.022) of the normal liver. Considering the large amount of lipid accumulation in the fatty liver and its negative nonlinear effect [ Fig. 3(a) ], the measurement results provide strong support for the results [ Fig. 3(c) ] of the proposed nonlinear contrast.
For comparison, we also performed linear photoacoustic measurements of the fatty and the normal liver at 1210 nm and 532 nm. The results [ Fig. 3(b) ] show a much weaker contrast than the nonlinear. The CNR for the two cases are 3.7 dB and 1.8 dB, respectively.
As previously mentioned, the heating and the detecting laser wavelengths used here were 1 532nm λ = ) is small. This means the heating process is not efficient. The perfect situation should be using the same wavelength (e.g., 1210 nm) for both heating and detecting. But for proof of concept, the wavelength combination, i.e., 532 nm and 1210 nm, is enough to give good results [ Fig. 2(b) and Fig. 3(c) ]. Further enhancement of the nonlinear contrast can be achieved by choosing the same wavelengths in the future experiment.
The estimated peak laser fluences for heating and detecting in the experiment are [10] , it is possible to reduce this value by improving the sensitivity and stability of the current system. In addition, if the system works within the infrared region (e.g., absorption peaks of lipid at 1210 nm, 1720 nm or 2300 nm), the damage threshold correspondingly increases (e.g., 2 1000 mJ / cm at 1720 nm [10] ). Also note that since the second laser is for the detecting purpose only, its fluence is irrelevant to the nonlinear effect and thus can be kept low.
CONCLUSIONS
Through the study on phantoms and a mouse model of fatty liver, we explored the feasibility of diagnostic imaging and tissue characterizing based on a new contrast realized by dual-pulse photoacoustic measurement. Unlike conventional single-pulse photoacoustic measurement that maps tissue optical absorption, this new nonlinear contrast takes advantage of the temperature dependence of Grüneisen parameter of tissue, and presents additional diagnostic information for more comprehensive diagnosis. As demonstrated by the result on mouse livers, the nonlinear contrast can better differentiate fatty liver from normal control with a CNR larger than that of the linear contrast realized through the conventional single-pulse photoacoustic measurement. Based on the same contrast between lipid-rich and water-rich tissues, other potential applications in clinical settings include characterization of plaques in coronary arteries by evaluating the lipid contents in targeting plaques.
Although leading to higher system cost, involving two independent lasers in the dual-pulse nonlinear photoacoustic system also brings increased flexibility in measurement and potential access to additional tissue parameters. For example, by tuning the wavelengths of the heating laser and detecting laser independently, we can study the nonlinear effects as results of the optical absorption and the Grüneisen parameter of different chemical substances in the sample. Moreover, by changing the delay between the heating and detecting pulses, we can further study the thermal diffusion which is highly relevant to blood flow, extracellular water, and local metabolism in living tissue.
